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WIND-TupsNEL INVESTIGATION OF A L I F T I N G  ROTOR OPERATING 

AT TIP-SPEED RATIOS FROM 0.65 TO 1.45 

By Julia L. Jenkins, J5r. 
Langley Research Center 

A wind-tunnel investigation of a 15-foot-diameter rotor  was made t o  explore 
A two-blade teetering-type rotor  rotor operation a t  tip-speed r a t io s  near 1-00. 

system was tes ted i n  the Langley full-scale tunnel f o r  tip-speed r a t io s  from 
0.65 t o  1.45. 
t o  indicate the predictabi l i ty  of the experimental trends obtained. 

Representative data were compared with theoret ical  calculations 

The resu l t s  indicate that ro tor  efficiencies as high as 13 can be attained 
a t  the highest tip-speed r a t i o  investigated. 
are thus shown t o  be possible, a problem requiring further study was noted. 
slope of the variation of rotor  thrust  with collective pi tch was negative f o r  a 
constant disk a t t i tude  at  tip-speed r a t io s  greater than 1.00- The negative 
slope resulted primarily from the  increased sens i t iv i ty  of t he  rotor  longi- 
tudinal flapping response with respect t o  collective pi tch compared with the  
sens i t iv i ty  of the flapping response with respect t o  angle of attack. The the- 
ore t ica l  calculations of the  ro tor  character is t ics  a lso indicated this reversal  
phenomenon. 

Although high rotor  eff ic iencies  
The 

INTROLXJCTION 

The high-speed capabili ty of rotary-wing a i r c r a f t  has been the subject of 
much experhental  and theoret ical  study i n  recent years. 
that a compounding of camponents (auxiliary propulsion system or l i f t  augmenta- 
t ion  o r  both) w3llbe required as speeds surpass 200 knots. Also, rotor  speeds 
must be reduced t o  avoid the sharp power r i s e  which accompanies compressibility 
effects.  (See, f o r  example, ref. 1.) Consequently, the  operating tip-speed 
r a t i o  of a compound configuration w i l l  be much higher than that of a pure he l i -  
copter. 
rotor operation at tip-speed r a t i o s  greater than 1.00. 
studies have indicated improvements i n  rotor efficiency (i.e. 
l if t-drag ra t ios )  at these high tip-speed ra t ios .  

These studies indicate 

These higher tip-speed-ratio requirement6 have stimulated in te res t  i n  
In addition, theoretfcal  

higher rotor  

The present wind-tunnel investigation of a 15-foot-diameter rotor  was 
undertaken t o  explore the  l i f t i n g  capabili ty at tip-speed r a t io s  from about 
0.65 t o  1.45. The tests w e r e  conducted i n  the  Langley ful l -scale  tunnel on a 



two-blade teetering-type rotor system. 
and flapping motions were recorded at rotor tip-path-plane angles of attack of 
O.5O and 5 . 5 O  for the tip-speed ratios. Representative data are compared with 
theoretical calculations to indicate the predictability of the experimental 
trends obtained. 
sented to illustrate the flow over the rotor blades. 

Measurements of rotor forces, torque, 

A photograph of tufts attached to the blade surface is pre- 

SYMBOLS 

The positive directions of forces and angles are shown in figure 1. 

blade collective pitch angle, deg 

blade-section lift-curve slope, 5.55 per radian 

angle between control axis and resultant-force vector in longitudinal 
p-e, deg 

first-harmonic longitudinal flapping angle, deg 

number of blades 

first-harmonic lateral flapping angle, deg 

H rotor drag coefficient, 
prrR2(QR)2 

rotor torque coefficient, Q 
pJrR*(RR)+ 

rotor resultant-force coefficient, (c$ + C, 2 ) 112 

T rotor thrust coefficient, 
plrR2( RR ) 2 

blade chord, ft 

longitudinal component of rotor resultant force perpendicular to 
shaft axis, lb 

mass moment of inertia of blade about flapping hinge, slug-ft2 

equivalent ro tor  lift-drag ratio, ratio of ro tor  lift to sum of rotor 
profile and induced powers expressed as an equivalent drag 

rotor torque, ft-lb 



R blade radius measured from center of rotation, f t  

T rotor  thrust, l b  

V velocity, f t / s ec  

U rotor  control-axis angle of attack, deg 

ar 
U S  rotor shaft angle of attack, deg 

aTpp 

blade-element angle of attack, deg 

rotor tip-path-plane angle of attack, deg 

mass constant of rotor blade (blade Lock number), - pad4 
*h 

rotor tip-speed rat io ,  - V 
QR 

mass density of air, slugs/cu f t  

rotor solidity,  bc / f l  

blade azimuth angle measured from downwind position of rotor i n  
direction of rotation, deg 

rotor angular velocity, rad/sec 

The t e s t  apparatus and photographic equipment as ins ta l led  i n  the Langley 
full-scale tunnel are shown i n  figure 2. 
ins ta l led  below the rotor  t o  minimize the jet-boundary corrections. 

A large ground-reflection plane was  

Rotor 

The rotor  was  a two-blade teeter ing type with no bui l t - in  coning angle. 
The rotor  had a diameter of 15.25 feet, a constant blade chord of 1.16 feet, and 
a corresponding so l id i ty  cr of 0.097. The blades w e r e  untwisted NACA 0012 air- 
f o i l  sections and had a Lock number 7 of 5.05. Carborundum grains (0.012- 
inch mean grain diameter) w e r e  sparsely distributed on a 0.25-inch s t r i p  along 
the  blade span on the upper surface at  the  10-percent-chord station. The pur- 
pose of this roughness was t o  avoid variations i n  section characteristics by 
f ixing the  t rans i t ion  point. 
stations. 
t ion  t o  the rotor  loads; therefore, periodic twist caused by air loads i s  
believed t o  have been small. 

Two tufts w e r e  attached at each of six spanwise 
The blade s t i f fness  both i n  bending and i n  torsion was large i n  rela- 
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Instrumentation 

Rotor thrust and torque were measured by strain-gage instrumentation 
located within the rotor-support tower (fig. 3). 
loads carried by the blade-pitch-change rods, and the friction torque of the 
swash plate was subtracted from the rotor-torque measurements. 
of the model was measured with the tunnel drag balance. 
force was obtained by subtracting the tares obtained with the blades removed 
fromthe rotor-operating data. Blade flapping motions were sensed by strain 
gages and recorded on an oscillograph. 
these data to determine the first-harmonic flapping coefficients. 
tional speed was sensed by a magnetic pickup and recorded on an oscillograph. 

Thrust was corrected for 

The total drag 
Rotor longitudinal 

A Fourier analysis was performed on 
Rotor rota- 

The overall accuracies of the data are believed to be within the following 
limits : 

C T e  . . . . . . . ~ 0 . ~ 0 8 0  
C H . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  ?0.00055 
CQ.. . . . . . . . . . . . . . . . . . . . . . . . . . .  .kO.O0oO75 
Rotor tip speed, fps . . . . . . . . . . . . . . . . . . . .  fi 
Rotor tip-speed ratio . . . . . . . . . . . . . . . . . . .  to. 01 

Longitudinal cyclic pitch, deg . . . . . . . . . . . . . . .  fo. 50 

Shaft angle of attack, collective pitch, lateral 
cyclic pitch, and flapping motions, deg . . . . . . . . . .  tO.25 

Tuft Photographs 

Multiexposure photographs of the tufts attached to the rotor blades were 
made with the camera and flash equipment sham in figure 2. 
spaced at intervals of about 400 in azimuth on the retreating side of the rotor 
disk, were made during one rotor revolution. An additional five exposures, at 
intermediate azimuth positions, were made about 1 minute after the first 
photographs. 

Five exposures, 

TESTS AND OORRECTIONS 

All tests were run at a rotor tip speed (QR) of about 110 feet per second, 

of 0.5' and 5.5' 
which corresponds to a hovering-tip Reynolds number of about 0.81 X 106. 
formance measurements were made at shaft angles of attack 
with the tip-path plane trimmed normal to the shaft for all thrust settings; 
therefore, the tip-path-plane angles of attack were also 0.5' and 5.5'. 
N o  jet-boundary corrections were applied; with the tunnel configurations used, 
they should be negligible for the present range of test conditions. 
ref. 2.) 

Per- 
as 

~ P P  

(See 
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RESULTS AND DISCUSSION 

Measured Rotor Characteristics 

The experimental data obtained from wind-tunnel tests of a teetering-type 
rotor  operating at tip-speed r a t io s  from 0.65 t o  1.45 are  presented i n  figure 4. 
These data are presented fo r  shaf t  angles of attack of 0 .5O and 5.5' with the 
tip-path plane of the  rotor  trFnrmed normal t o  the shaft. 
highlights a trend i n  the rotor-thrust variation which i s  not believed t o  have 
been previously reported; that is, the slope of the variation of rotor thrust 
with collective pi tch becomes increasingly negative with increasing tip-speed 
r a t i o  f o r  tip-speed r a t io s  greater than 1.00. A s  shown i n  reference 3, fo r  the 
same rotor, the variation of thrust  with collective pi tch has a posit ive slope 
for tip-speed ra t ios  t o  0.54 fo r  t he  tip-path-plane angles from -9.5O t o  10.5'. 
This same posit ive slope i s  evident i n  the present t e s t  for  tip-speed ra t fos  
below 0.94. 

This presentation 

The trends shown by these resu l t s  suggest t ha t  at  a tip-speed r a t i o  of 
approximately 1.00 the  variation of thrust with collective pi tch i s  zero fo r  a 
constant rotor-disk at t i tude.  I n  other words, increasing collective pi tch and 
retrimming the ro tor  tip-path plane t o  i t s  or iginal  a t t i tude  with cyclic control 
produces no change i n  rotor  thrust  a t  a tip-speed r a t i o  of 1.00. A t  higher t i p -  
speed rat ios ,  t h i s  same procedure produces a lo s s  i n  thrust  and is ,  i n  effect ,  a 
control reversal  i n  the sense tha t  the combination of collective and cyclic 
pi tch inputs which produces a posit ive thrust  increment a t  conventional t i p -  
speed r a t io s  now produces a negative thrust  increment. 

This reversal  could be quite disconcerting t o  a p i l o t  of a compound he l i -  
copter with manual control of the  rotor  because a reduction i n  collective pi tch 
and longitudinal cyclic control i s  required i n  order t o  increase rotor  thrust  
and simultaneously t o  maintain a re la t ive ly  constant rotor  a t t i tude .  Constant 
rotor a t t i tude  i s  desired a t  high tip-speed r a t io s  i n  order t o  maintain a safe 
rotor-fuselage clearance during maneuvers or gusts. 
automatically ra ther  than manually, specific consideration of the  problem of 
rotor thrust  reversal  win be required during the design stage t o  ensure accept- 
able operation over the en t i r e  speed range. 

If the rotor  i s  controlled 

Rotor Lif t ing Efficiency 

Theoretical studies have indicated tha t  very high ro tor  eff ic iencies  ( ra t io  
of rotor  l i f t  t o  equivalent drag (L/D),) 
The experimental l i f t -drag  r a t io s  obtained f o r  t h i s  rotor  are presented i n  fig- 
ure 5. These curves were obtained from faired curves of rotor  thrust ,  torque, 
and drag, and thus eliminated the sca t te r  i n  the data tha t  occurs when dealing 
with r a t i o s  of re la t ive ly  small forces. 
values axe conservative because the t e s t s  w e r e  made with tufts on the  blades. 
In  general, the l i f t -drag  r a t io s  are much higher than those indicated i n  refer- 
ence 3 f o r  t h i s  same rotor  operating a t  lower tip-speed ratios;  and for tip-speed 
r a t io s  of 1.25 and 1.45, there i s  an indication of even greater l i f t -drag ratios 
with fur ther  reductions i n  collective pitch. 

are possible at  high tip-speed rat ios .  

It i s  important t o  note tha t  these 

These high values are not the 
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total lift-drag ratio of the aircraft, but they do indicate that the penalty 
for operating the rotor at high speeds can be reduced. 

Rotor Stability Derivatives 

In order to gain insight into the factors that influence the thrust rever- 
sal shown by these tests, an investigation of the rotor stability derivatives 
is required. The derivative of thrust coefficient with respect to collective 
pitch MT/& 
The resulting equation is 

is determined for a constant disk attitude (cqpp = Constant). 

It can be seen that when &/AA0 
increase results in a positive thrust increment, but when LK!T/AA~ 
a collective pitch increase results in a negative thrust increment. 

has a positive value, a collective pitch 
is negative, 

The relative magnitudes of the four derivatives in equation (1) and their 
variation with tip-speed ratio can be seen in figure 6. 
respect to collective pitch at constant angle of attack and the derivatives 
with respect to angle of attack at constant collective pitch were obtained from 
cross plots of the thrust and longitudinal flapping data. 
sented in figure 6, the derivative 
zero at a tip-speed ratio of approximately 1.00. Below p = 1.00 the deriva- 
tive &/& is positive, and above p = 1.00 the derivative is negative. 
Since the trend exhibited here is the same as that shown in figure 4, equa- 
tion (1) can be utilized to examine the contribution of the individual stability 
derivatives to the total thrust derivative 

The derivatives with 

For the data pre- 
&/AA0, determined by the equation, becomes 

ACT/&,. 

Both of the thrust derivatives increase rapidly with increasing tip-speed 
ratio; however, the derivative of thrust with respect to collective pitch 
increases slightly faster than the derivative of thrust with respect to angle 
of attack. It can be seen from equation (1) that this trend delays the point 
at which the equation goes to zero and thus delays the reversal in slope of the 
rotor thrust shown in figure 4. The relative magnitudes of the flapping deriva- 
tives reveal the cause of the thrust reversal exhibited by this rotor. With an 
increase in tip-speed ratio, the rapid increase in the flapping derivative with 

respect to collective pitch causes the term I in equation (1) to become hal aAo 
aa, 

greater than 1.0; therefore, LXI-J/AA~ approaches zero and then becomes 
negative. 

6 



Comparison of Measured and Calculated Rotor Characteristics 

The measured thrust and longitudinal flapping coefficients from two of the 
test runs are compared with theoretical calculations to indicate the predicta- 
bility of the thrust reversal trends exhibited by this rotor. The comparisons 
are made for only these parameters because these tests were made with tufts on 
the blades and thus a comparison of torque and in-plane forces would be invalid. 
The calculations were carried out on a high-speed, electronic data-processing 
machine, which was programed according to the equations presented in refer- 
ence 4. These equations account for stall, tip losses, blade cutout, and the 
reversed velocity. 
of 0.94 and 1.45. 
including the slope reversal are well defined, although the magnitudes of the 
calculated thrusts are high. The longitudinal flapping is also overestimated 
in both cases, and for a tip-speed ratio of 1.45 the slope of the curve is not 
as well defined as that for a tip-speed ratio of 0.94. 

The results are presented in figure 7 for tip-speed ratios 
It is important to note that the trends of the thrust curves 

These discrepancies between measured and calculated data can be explained 
in part by the relatively poor accuracy of the absolute values of the measured 
input quantities (Ao and a) and the overall sensitivity of the rotor thrust 
and flapping response to small variations in these quantities. 
a tip-speed ratio of 1.45, the thrust coefficient changes at the rate of 
0.0051 per degree of angle of attack and 0.0063 per degree of collective pitch 
(fig. 6 ) ;  consequently, small variations in the input values can produce very 
different computed results. In spite of the changes in absolute magnitudes of 
the computed thrust and flapping angle with smal l  variations in the input quan- 
tities, sample calculations indicated that the thrust reversal trend was 
unaffected.. Thus, the discrepancies between the measured and calculated values 
are apparently related to factors which do not greatly affect the reversax, and 
hence the theoretical analysis is considered to provide an adequate method for 
confirming and explaining the nature of the reversal phenomenon. 

For example, at 

Theoretical Thrust Distribution 

A n  indication of the areas on the rotor disk that affect the reversal 
phenomenon can be seen in figure 8, where the variation of calculated thrust 
with azimuth angle for two values of collective pitch at tip-speed ratios of 
0.94 and 1.45 is presented. 
figure 7. At a tip-speed ratio of 0.94 (fig. 8(a)), the increases in thrust 
near $ = 20' and Jr = 160° as the collective pitch is increased from Oo to 4' 
are essentially offset by the losses of thrust near $ = 90° and Jr = 270° due 
to the longitudinal cyclic pitch required to retrim the rotor disk attitude. It 
is of interest to note that the loss  of thrust near 
results from a decrease in the effective blade-section angles of attack which is 
caused by the compounding of positive collective pitch, positive cyclic pitch, 
and the reversed velocity over the blade. 
increased and cyclic pitch is increased so as to keep a constant disk attitude, 
the net result for this tip-speed ratio is a relatively constant rotor thrust. 

These curyes correspond to the data presented in 

Jr = 270° for A, = 4O 

Thus, when the collective pitch is 
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A t  t he  higher tip-speed r a t i o  (p = 1.45) i n  figure 8(b), the e f fec t  of 
increasing collective pi tch and retrimming ro tor  a t t i t ude  is  even more pro- 
nounced. 
par t  of the t o t a l  rotor  th rus t  i s  produced. Increasing collective pi tch by 4' 
and retrimming the  rotor  a t t i tude  results i n  an almost complete loss  of thrust  
i n  t he  region from \Ir = 210° t o  $ = 330'. "he tbrust  remains relat ively con- 
s tant  near $ = 20° and $ = 160° because of the extreme blade-section angles 
of a t tack i n  these regions. Thus there i s  a net loss i n  thrust fo r  an increase 
of 4' i n  collective pi tch when the rotor  i s  retrimmed. 

I n  the region near $ = 270°, fo r  Oo collective pi tch a significant 

Correlation of Tuft Photographs with Theoretical 

Blade-Section Angles of Attack 

Calculated contours of l i nes  of constant section angles of attack are pre- 
sented i n  figure 9 t o  i l l u s t r a t e  the severity of the blade-section angles of 
attack which ex is t  f o r  a tip-speed r a t i o  of 1.45. These contours were calcu- 
la ted for  a collective pi tch of -0.66O, which corresponds t o  the actual meas- 
ured value fo r  the tuft photograph presented. 
t ha t  increasing collective pi tch w i l l  not produce further increases i n  thrust i n  
the regions near = 20° and $ = 180° because the angles of attack are  
already greater than the  approximate s t a l l  angle of l 2 O .  This f a c t  accounts f o r  
the re la t ive ly  constant thrust  i n  these regions shown i n  figure 8(b). 

It i s  apparent from the contours 

Interpretation of the t u f t  patterns is  a t  best  a d i f f i cu l t  task because of 
the  numerous factors  which influence the tufts; however, where the ends of t he  
tufts point toward the t r a i l i n g  edge of the blade i n  the reversed velocity 
region (i.e., section angles of attack greater than goo), the predominant e f fec t  
i s  believed t o  be loca l  flow separation. 
i s  obviously separated, whereas a t  an angle of attack of l 7 O o  two-dimensional 
a i r f o i l  data indicate tha t  the flow i s  reattached. 
loca l  flow separation i s  apparent fo r  most of the trailing-edge %ufts i n  the 
region near the contour l i ne  of 160~. 
flow i n  the region of t he  contour l i n e  of 170'. 
t he  possibi l i ty  of increasing t h i s  region by operating a t  higher tip-speed 
ra t ios  with very low values of collective pi tch and a more posit ive rotor 
a t t i tude.  

A t  an angle of attack of goo the flow 

For the condition presented, 

The tufts indicate a reattachment of t he  
It i s  interesting t o  consider 

CONCLUDING RFSIARKS 

Results of a wind-tunnel investigation of a 15-foot-diameter rotor  oper- 
a t ing a t  tip-speed r a t io s  from 0.65 t o  1.45 indicate that rotor efficiencies as 
high as 13  can be attained at  the highest tip-speed ra t io .  Although high rotor  
efficiencies are  thus shown t o  be possible, a problem requiring fur ther  study 
w a s  noted. 
negative f o r  a constant disk a t t i tude  at  tip-speed r a t io s  greater than 1.00. 
The negative slope resulted primarily from the increased sensi t ivi ty  of the 

The slope of the variation of rotor  thrust wlth collective pi tch was 



rotor longitudinal flapping response with respect to collective pitch compared 
with the sensitivity of the flapping response with respect to angle of attack. 
The theoretical calculations of the rotor characteristics also indicated this 
reversal phenomenon. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., October 12, 1964. 
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Figure 1.- Notation sharing positive direction of forces and angles. Side view. 

10 



L-62-3093.1 

Figure 2.- General view of test apparatus installed in Langley full-scale tunnel. 
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THRUST GAGES 

Figure 3. -  Force measuring system. L-58-621~~. 1 
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Figure 9 . -  Comparison of t u f t  photograph with calculated contours of constant-section 
angle of a t tack  for  a tip-path-plane a t t i t u d e  of 5.5' and tip-speed r a t i o  of 1.45. 
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